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© Zlrconla-based sintered material and process for producing the same. 

© There are disclosed a process for producing a 

zirconia-based sintered material, which process 

comprises heating an amorphous material consisting 

of zirconium oxide containing about 9.5 - about 10.5 

mol % (in terms of oxide) of cerium oxide and about 
C^0.4 -about 3.0 mol % (in terms of oxide) of caicium 
^ oxide, to a temperature not lower than the tempora- 
ls ture of crystallization of the amorphous material but 
j^not higher than about 1,200*0, crushing the result- 
OOing material to obtain a powder containing a 
^tetragonal phase in an amount of about 90% by 
lf>weight or more, and then subjecting the powder to 
Omolding and sintering, and a sintered material thus 
0 produced. 
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ZIRCONIA-BASED SINTERED MATERIAL AND PROCESS FOR PRODUCING THE SAME 



BACKGROUND OF THE INVENTION 



Field of the Invention 

The present invention relates to a zirconia- 
based sintered material superior in mechanical 
strength, hardness and toughness, as well as to a 
process for producing the sintered material. More 
particularly, the present invention relates to a 
zirconia-based sintered material using, as a stabi- 
lizer, cerium oxide (hereinafter referred to as 
"0602" in some cases) and calcium oxide 
(hereinafter referred to as "CaO" in some cases), 
which is superior in all of mechanical strength, 
hardness and toughness and accordingly espe- 
cially suitable as a mechanical structural material, 
as well as to a process for producing the sintered 
material. 



Related Art Statement 

It has been well known to use Ce0 2 or CaO 
alone as a stabilizer for zirconium oxide (hereinafter 
referred to as "ZKV in some cases). 

With respect to the use of Ce02 as a stabilizer, 
Journal of America! Ceramic Society, Vol. 33, p. 
280 (1950) gives a phase diagram of Ce02-Zr02. 
According to this diagram, when the Ce02 content 
is about 18 mol % or more, a tetragonal phase and 
a cubic crystal phase are present as a stable 
phase; and when the Ce02 content is less than 
about 18 mol %, a monoclinic phase is present as 
a stable phase. In the latter case, there is seen a 
possibility that a tetragonal phase is also present 
as a metastable phase. Journal of Materials Sci- 
ence, Vol. 17, pp. 255-262 (1982) describes that 
when 2r02 containing 7-22 mol % of Ce02 is 
added to aluminum oxide in an amount of 30% by 
volume and the mixture is sintered, Zr02 in the 
sintered material is in a tetragonal phase and the 
sintered material gives a maximum fracture tough- 
ness of 8 MPa.m 1/2 when the Ce0 2 content in Zr0 2 
is 12 mol %. Journal of Materials Science, Vol. 20, 
pp. 1178-1184 (1985) gives the measurement data 
of the mechanical properties of a sintered material 
of Zr0 2 containing 7-16 mol % of Ce0 2 . According 
to the data, the fracture toughness, flexural strength 
and hardness of the sintered material depend upon 
the Ce0 2 content and grain size of the sintered 
material. That is, the fracture toughness gives a 
maximum value of about 17 MPa.m 1/2 when the 
grain size is 2.5 urn and the Ce0 2 content is 8-10 
mol% (this composition is hereinafter referred to as 



"composition A"); and the flexural strength givqs a 
maximum value of .800 MPa when the grain size is 
1 urn and the CeC2 content is 0-12 mol % (this 
composition is hereafter referred to as 

5 "composition B"). Also according to the measure- 
ment data, there can be found no composition 
which gives high values in both fracture toughness 
and flexural strength, that is, the composition A 
gives a flexural strength of 400-500 MPa and the 

io composition B gives a fracture toughness of about 
7 MPa.m 1/2 ; the hardness of the sintered material 
decreases with decrease in Ce02 content, and the 
composition A gives a hardness value of 8.5-9.0 
GPa and the composition B gives a hardness value 

76 of 9.0-9.5 GPa. 

With respect to the use of CaO as a stabilizer, 
it has been generally believed that only a cubic 
phase is stabilized] However, 2B41 (1986) of the 
3rd International Conference on the Science and 

20 Technology of Zirconia describes that a sintered 
material having an average grain size of 0.1 urn 
obtained by sintering Zr02 containing 3-9 mol % of 
CaO at 1,250* C consists of 90-60% by weight of a 
tetragonal phase, 0-35% by weight of a cubic 

25 phase and the balance of a monoclinic phase and 
that the fracture toughness of the sintered material 
gives the highest value of about 8 MPa.m 1/a when 
the CaO content is about 4 mol %, However, the 
tetragonal phase becomes unstable when the grain 

30 size of the sintered material increases and more- 
over it is difficult to attain the above grain size (0.1 
am) of the sintered material with the present-day 
technique of sintering by industrial scale. In the 
above literature, there are given no data on the 

36 flexural strength and density of the sintered ma- 
terial, which makes it impossible to judge the suit- 
ability of the sintered material as an industrial ma- 
terial. 

Thus, Ce02 gives a high fracture toughness 
40 but an insufficient flexural strength, and CaO mere- 
ly gives a fracture toughness similar to that of 
Y 2 0a. Therefore, though less expensive than Y2O3, 
Ce02 and CaO have drawn no attention as a stabi- 
lizer for use in mechanical parts requiring a high 
45 mechanical strength. 



SUMMARY OF THE INVENTION 

60 . Under the above situation, the present inven- 
tors made intensive research in an attempt to ob- 
tain a zirconia-based sintered material superior in 
all of mechanical strength, hardness and toughness 
by using, as a stabilizer, Ce02 and CaO which are 
both less expensive than Y2O3. As a result, the 
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present inventors found that a zirconia-based sin- 
tered material superior in all of the above prop- 
erties can be obtained when Ce02. and CaO are 
used in combination at particular proportions. This 
finding has led to the completion of the present 
invention. 

The present invention lies in a zirconia-based 
sintered material containing 9.5-10.5 mol % of ce- 
rium oxide and 0.4-3.0 mol % of calcium oxide. 

The present invention further lies in a process 
for producing a zirconia-based sintered material, 
which process comprises heating an amorphous 
material consisting of zirconium oxide containing 
about 9.5-about 10.5 mol % (in terms of oxide) of 
cerium oxide and about 0.4- about 3.0 mol % (in 
terms of oxide) of calcium oxide, to a temperature 
not lower than the temperature of crystallization of 
the amorphous material but not higher than about 
1.200* C, crushing the resulting material to obtain a 
powder containing a tetragonal crystal phase in an 
amount of about 90% by weight or more, and then 
subjecting the powder to molding and sintering. 

According to the present invention, there can 
be provided a zirconia-based sintered material hav- 
ing a flexurai strength of about 700 MPa or more, a 
fracture toughness of 13 MPa.m 1/2 or more and a 
hardness of about 10 QPa or more. 



DETAILED DESCRIPTION OF PREFERRED EM- 
BODIMENT 

The present invention is described in detail 
beiow. 

The zirconia-based sintered material of the 
present invention contains about 9.5- about 0.5 mol 
% of Ce0 2 , about 0.4- about 3.0 mol % of CaO 
with the balance being mostly Zr02. Preferably 
about 70% by weight or more, more preferably 
about 90% by weight or more of the crystal grains 
constituting the zirconia-baised sintered material are 
in a tetragonal phase and the balance is in a 
monoclinic phase, at room temperature. The aver- 
age size of the crystal grains is about 3 urn or less. 
When the contents of Ce02 and CaO are outside 
the above ranges, the resulting sintered material 
gives a low value in at least one of flexurai 
strength, fracture toughness and hardness, thus 
making it impossible to obtain a sintered material 
having desired properties. 

In the present invention, the zirconia-based sin- 
tered material contains the above mentioned stabi- 
lizers, i.e. Ce0 2 and CaO; its crystal phase is 
mostly a tetragonal phase at room temperature; the 
average size of the crystal grains is about 3 urn or 
less. 

When the average crystal grain size exceeds 
about 3 urn, the proportion of the monoclinic phase 



in the sintered material increases, which in turn 
reduces the mechanical strength of the sintered 
material. 

The process for producing the zirconia-based 
5 sintered material has no particular restriction as 
long as there is obtained a sintered material having 
the above mentioned composition and properties. 
However, particle size and distribution of raw ma- 
terial, size of agglomerated particles, sintering con- 

w ditions, etc. are selected so that the relative density 
of Ce0 2 CaO-TSZ (tetragonal stabilized zirconia) 
sintered material to its theoretical density becomes 
about 90% or more (i.e. porosity = about 10% or 
less), preferably about 95% or more. 

75 The specific production conditions depend on 
properties of raw material used, calcinating con- 
ditions, grinding conditions, crushing conditions, 
Ce02-CaO mixing conditions, etc. and accordingly 
cannot be determined simply. However, most sim- 

20 ply, a raw material zirconia powder having an aver- 
age particle size of about 2 am or less, preferably 
about 1 am or less is used ordinarily so that the 
resulting sintered material can have an average 
crystal grain size of about 3 urn or less. 

25 As the method for producing a raw material 
powder suitable for obtaining the sintered material 
of the present invention, there can be employed a 
method which comprises calcinating an amorphous 
material consisting of oxides or hydroxides of ce- 

30 rium, calcium and zirconium, or their hydrates at a 
temperature not lower than the crystallization tem- 
perature but not higher than about 1,200* C and, as 
necessary, subjecting the calcination product to 
grinding by a vibration mill or the like to obtain a 

35 raw material powder having an average crystal 
grain size of about 1 am or less and containing a 
tetragonal crystal phase in an amount of about 
90% by weight or more. 

The amorphous material can be formed by 

40 adding an alkali to acidic aqueous solutions con- 
taining a soluble salt of cerium, a soluble salt of 
calcium and a soluble salt of zirconium, respec- 
tively; preferably by adding an alkali to an acidic 
aqueous solution containing soluble salts of cerium, 

45 calcium and zirconium; most preferably by adding 
an alkali to an acidic aqueous solution containing a 
soluble salt of zirconium, at a pH of 3-4 to form an 
amorphous material, adding thereto an acidic aque- 
ous solution of cerium and calcium, and further 

50 adding an alkali to form a desired amorphous ma- 
terial. 

As the soluble salt of zirconium, there can be 
mentioned zirconium oxychloride, zirconium nitrate, 
zirconium acetate, etc. There can also be used a 
55 technical grade reagent of such a salt containing 
about several % of hafnium. 

As the soluble salt of cerium, there can be 
used cerium chloride, cerium nitrate, etc. There 
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can also be used a technical grade reagent of such 
a salt containing several % of lanthanoid elements 
(e.g. neodymium). 

As the soluble salt of calcium, there can be 
used calcium chloride, calcium nitrate, etc. There 
can also be used a technical grade reagent of such 
a salt containing about several % of strontium. The 
acid used for obtaining an acidic aqueous solution 
can be any acid which forms no insoluble salt with 
any of the above three elements, and is preferably 
hydrochloric acid or nitric acid. As the alkali, there 
can be used sodium hydroxide, potassium hydrox- 
ide, ammonia water,, etc. 

The amorphous material is such a material 
whose amorphism can be confirmed by X-ray dif- 
fraction and which can be crystallized, when heat- 
ed, to form a tetragonal phase at about 450 °C. In 
this case, a higher heating temperature gives larger 
crystal grain sizes. A heating temperature higher 
than about 1,200*C gives too large grain sizes, 
making it impossible to obtain a satisfactory mol- 
ded material in the subsequent molding step. 

The thus produced raw material powder is mol- 
ded by a known molding method (e.g. mechanical 
pressing, isostatic pressing, extrusion molding, in- 
jection molding) or a combination of some of these 
molding methods. The molded material is heated 
to about 1,350 - about 1,750 # C in a heating fur- 
nace and then fired for several hours (e.g. about 1 - 
about 5 hours) to obtain a zirconium-based sintered 
material of the present invention. 

In the above, the raw materials and stabilizers 
used in the process of the present invention for 
producing a zirconia-based sintered material have 
been described. However, these materials and sta- 
bilizers are main components and it is possible to 
use, besides them, a sintering aid and/or a grain 
growth inhibitor both known in the art, such as 
silica, alumina, titania, kaolin, mullite or the like, in 
such an amount that the effects of the present 
invention are not impaired. 

As described in detail above, the present in- 
vention provides a zirconia-based sintered material 
which uses, as a stabilizer, a combination of Ce02 
and CaO (both are less expensive than Y 2 0 3 ) at 
particular proportions and which is strikingly im- 
proved in all of mechanical strength, hardness and 
toughness, as compared with a zirconia-based sin- 
tered material containing about 3 mol % of Y 2 0 3 or 
a zirconia-based sintered material containing CeOa 
or CaO alone. The sintered material of the present 
invention is very useful as a mechanical structural 
material for cutting tools, extrusion or drawing dies, 
engine parts, bearing balls, balls for ball-point 
pens, mechanical seals, shafts, nozzles, pistons* 
etc. and accordingly has a very high industrial 
value. 

The present invention is described in more 



detail below by way of Examples. However, the 
present Invention is in no way restricted to these 
Examples. 

5 

Examples 1-4 and Comparative Examples 1-4 

An aqueous zirconium oxychloride solution and 
ammonia water were mixed at pH 4 to precipitate 

10 amorphous zirconium oxide. The amorphous zirco- 
nium oxide was collected by filtration and then 
dispersed in water. To the dispersion was added 
an aqueous solution of cerium nitrate and calcium 
chloride so that a raw material composition shown 

75 in Table 1 could be achieved. To the mixture was 
dropwise added an aqueous sodium hydroxide so- 
lution with stirring until a pH of 13 was obtained, to 
precipitate an amorphous material. The amorphous 
material was collected by filtration, washed by wa- 

20 ter, dried and crushed to obtain a powder having a 
crystallization temperature of 490-550* C. The pow- 
der was calcinated at 1,100° C for 2 hours, ground 
by a vibration mill for 2 hours and by a wet type 
bail mill for 2 hours, dried and crushed to obtain 

25 various powders each having a BET specific sur- 
face area of 3 m 2 /g and an average grain size of 
0.8 urn. All of these powders contained a 
tetragonal phase in an amount of 90% by weight or 
more. 

30 Each of the raw material powders was sub- 
jected to a isostatic press method (1 ton/cm 2 ) to 
obtain a molded material of 35 mm x 5 mm x 5 
mm. The molded material was fired at 1,500*C or 
1,550*C for 2 hours to obtain various sintered 
35 materials. Each of the sintered materials was mea- 
sured for crystal phases, fiexural strength, fracture 
toughness, hardness and average crystal grain 
size. The results are shown in Table 1. 

In Comparative Examples, using the raw ma- 
40 terials giving a composition shown in Table 1 , raw 
material powders were obtained in the same man- 
ner as in the above Examples. Each of the powders 
had an average grain size of 0.8 urn and contained 
a tetragonal phase in an amount of 90% by weight 
45 Each of the raw material powders was sub- 
jected to a isostatic press method (1 ton/cm 2 ) to 
obtain a molded material of 35 mm x 5 mm x 5 
mm. The molded material was fired at 1,550° C for * 
2 hours to obtain various sintered materials. Each 
so of the sintered materials was measured for crystal 
phases, fiexural strength, fracture toughness, hard- 
ness and average crystal grain size. The results 
are shown in Table 1. 

In the above Examples and Comparative Ex- 
es amples, crystal phases were measured >by X-ray 
diffraction and hardness were measured by the V.I. 
(Vickers identor) (measurement conditions: load = 
30 kg/15 sec, Young's modulus E = 1.86 x 1- 15 
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MN/m 2 ; flexural strength was measured by in- 
dentation fracture method by Evans et al. (span 
length = 30 mm, strain rate = 0.5 mm/min). Grain 
size of sintered material was measured by the line 
intersection method using the photomicrographs 5 
taken by a scanning electron microscope. 
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Claims 

1. A zirconia-based sintered material containing 5 
about 9,5 - about 10.5 moi % of cerium oxide and 
about 0.4 - about 3.0 mol % of calcium oxide. 

2. A zirconia-based sintered material according 
to Claim 1 , wherein about 70% by weight or more 

of the crystal grains constituting the sintered ma- w 
terial is in a tetragonal phase at room temperature 
and the average size of the crystal grains is about 
3 jim or less. 

3. A zirconia-based sintered material according 

to Claim 2, wherein about 90% by weight or more 75 
of the crystal grains constituting the sintered ma- 
terial Is in a tetragonal phase at room temperature. 

4. A process for producing a zirconia-based 
sintered material, which process comprises heating 

an amorphous material consisting of zirconium ox- 20 
ide containing about 9.5 - about 10.5 mol % (in 
terms of oxide) of cerium oxide and about 0.4 - 
about 3.0 mol % (in terms of oxide) of calcium 
oxide, to a temperature not lower than the tempera- 
ture of crystallization of the amorphous material but 25 
not higher than about 1,200*0, crushing the result- 
ing material to obtain a powder containing a 
tetragonal phase in an amount of about 90% by 
weight or more, and then subjecting the powder to 
molding and sintering. ' 30 

5. A process according to Claim 4, wherein the 
amorphous material is obtained by adding an alkali 
to an acidic aqueous solution of a soluble salt of 
zirconium at a pH of about 3 - about 4 f mixing the 
resulting mixture with an acidic aqueous solution of 35 
cerium and calcium, and further adding an alkali. 

6. A process according to Claim 5, wherein the 
temperature of sintering is about 1,350 - about 
1,750° C. 
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